Growth restriction in utero increases infant morbidity and mortality as well as the risk of adult chronic diseases [1] [2] [3] . The incidence of fetal growth restriction in both developed and developing countries progressively rose during the last two decades despite the introduction of many public health and medical interventions designed to reduce its occurrence [4] [5] [6] . Whether the common vitamin D deficiency during pregnancy contributes to any of the global adverse fetal growth epidemic remains unknown.
. The incidence of fetal growth restriction in both developed and developing countries progressively rose during the last two decades despite the introduction of many public health and medical interventions designed to reduce its occurrence [4] [5] [6] . Whether the common vitamin D deficiency during pregnancy contributes to any of the global adverse fetal growth epidemic remains unknown.
Maternal vitamin D deficiency during pregnancy is a significant public health problem globally 7, 8 due to the combined effects of limited sunlight exposure, inadequate intake, and additional growth needs of the fetus. The link between maternal vitamin D status and fetal growth, as measured most frequently by infant birth weight and small for gestational age (SGA), has been explored by a number of observational studies [9] [10] [11] [12] [13] [14] [15] and randomized supplementation trials [16] [17] [18] [19] [20] worldwide with mixed results. Most studies assessed the associations of maternal 25-hydroxyvitamin D (25[OHD] ) in early pregnancy with fetal growth. Evidences from some studies support the hypothesis that lower vitamin D status causes adverse fetal growth in a linear way, more severe deficiency would be expected to have a stronger effect than less severe deficiency or sufficiency 9, 10, [12] [13] [14] 16 . However, some other studies don't support this hypothesis Scientific RepoRts | 5:14930 | DOi: 10.1038/srep14930
Notably, increased risks for a range of health outcomes, including SGA, among pregnant women with high 25(OH)D levels has been reported by several studies 11, 23 . Although fetal and newborn concentrations of 25(OH)D depend on and correlate with maternal serum levels 18, 24 , there has been a paucity of data about the association between cord blood 25(OH)D concentration and birth outcomes. In this study, we examined cord blood levels of 25(OH)D in 1491 neonates in Hefei, China and assessed the association of cord blood levels of 25(OH)D with birth weight and the risk of SGA.
Results
Attrition analyses showed the distributions of sociodemographic characteristics, health status, lifestyle and birth outcomes, non-participants did not differ from participants. In this study, the mean age of the participants was 27.65 years (SD = 3.66), the majority (79.2%) of participants had completed high school and beyond (> 9 years), and the income of 84.9% of the participants was more than 2 000 RMB per month. The mean gestational age at delivery was 38.91 weeks (SD = 1.47), ranging from 32 to 42 weeks, with 96 preterm births (5.3%). The mean birth weight was 3383.1 g (SD = 453.9), ranging from 1500 to 5500 g, with 133 small for gestational age infants (8.9%). In our sample, 791 (53.1%) newborns were males. The mean cord blood 25(OH)D level was 39.43 nmol/L (SD = 20.35), ranged from 6.06 to 119.64. Table 1 shows the characteristics of 1 491 pregnant women across increasing deciles of cord blood 25-hydoxyvitamin D levles. With increasing deciles of cord blood 25(OH)D, the percentage of birth during summer to autumn and male infant increased (P < 0.05 for the trend). Male infants had slightly higher cord blood 25(OH)D levels than females, but the difference did not reach statistical significance after adjusting for the season of birth (P = 0.11). Table 2 shows the associations between socio-demographic characteristics, lifestyle variables, birth related variables and baby's birth weight. Factors that were significantly associated with an increase in birth weight were: being older, having a better education (> 9 years vs ≤ 9 years), having at least one child (multipara vs primipara), being male, and having a longer gestation.
In a multiple linear regression model, the deciles of cord blood 25(OH)D were significantly associated with birth weight, even after adjustment for gestational week, infant gender, prepregnancy BMI, gestational weight gain (GWG), birth season, maternal age, education, income, alcohol consumption, pregnancy complications, parity, paternal smoking and alcohol consumption. Neonates in four deciles (the fourth, fifth, sixth and seventh deciles) had significantly increased birth weight compared with those in the lowest decile. The highest adjusted regression coefficients was observed in the fifth decile (β :176.5; 95% CI: 86.4, 266.5) (Table 3) .
Consistently, in a multiple logistic regression model with full adjustment described above (except gestational weeks), the deciles of cord blood 25(OH)D were significantly associated with risk of SGA. Neonates in four deciles (the fourth, fifth, sixth and seventh deciles) had significantly decreased risk of SGA compared with those in the lowest decile, with the lowest adjusted OR observed in the fifth decile [0.34 (95% CI 0.14-0.80)] (Table 3 ). Figure 1 depicts these joint nonlinear associations.
We further assessed the dose-response relation between cord blood 25(OH)D levels and birth weight. The inverted U-shaped nature of the association of cord blood 25(OH) D with birth weight was confirmed with Gaussian curve-fitting model (P < 0.001). Indeed, this model suggested a significant steep increase in birth weight up to 40 nmol/L of cord blood 25(OH)D and a gradual downward trend in birth weight at concentrations from 40 to 70 nmol/L, and then level off thereafter (Fig. 2) .
Multiple linear regression model shows that per 10 nmol/L increase in cord blood 25(OH)D levels, birth weight increased by 61.0 g (95% CI: 31.9, 89.9) at concentrations less than 40 nmol/L, but decreased by 68.5 g (95% CI: − 110.5, − 26.6) at concentrations from 40 to 70 nmol/L. We further assessed the difference of association between cord blood 25(OH)D and birth weight in male and female infants. After adjustment for confounders, average birth weight of boys and girls increased by 62.6 g (95% CI: 21. (Fig. 3) .
Discussion
To our knowledge, this is a study with the largest sample examining the association of cord blood 25(OH) D concentrations with birth weight and the risk of fetal growth restriction. The estimated difference in mean of birth weight among neonates in the fifth decile compared with those in the lowest decile was around 176 g, greater than the reduction in birth weight observed for children exposed to maternal smoking in utero 25 . Thus, the potential public health implications of our findings are substantial. Most previous studies in this field were undertaken in developed countries [13] [14] [15] . born before 32 wks' gestation had an increased risk of vitamin D deficiency compared with mature infant, however, there was no statistically significant difference in mean cord blood 25(OH)D levels between SGA and non-SGA infants 29 . Previous studies have several limitations including small sample sizes, inconsistent definitions for fetal vitamin D status, few adjustment for confounders and only linear models performed. In this study with a large sample, adjustment for more confounders and using non-linear models, we found that there was an inverted U-shaped relationship between cord blood 25(OH)D and birth weight, suggesting that the newborn with low or high levels of fetal vitamin D are both in increased risk of growth restriction and higher levels of fetal vitamin D have not been shown to confer greater benefits. However, it should be emphasized that the inverted U shaped relationship in this study does not imply causality, because fetal weight would have to have been affected by 25(OH)D at critical times of development rather than at birth when samples were collected. Additionally, although there was an inverted U shaped relationship, the infants above the seventh decile of 25(OH)D levels still had higher birth weight than those in the first decile.
The finding that vitamin D levels in the upper range increased the health risk in this study was consistent with previous studies examining the risk of fetal growth restriction 11 , allergic response 30, 31 , lower-extremity function 32 , frailty status 33 , as well as cardiovascular disease 34, 35 . Although the neonatal 25(OH)D levels at birth cannot fully represent the vitamin D status during critical times of gestation due to a half-life of several weeks of 25(OH)D 34 , it was quite possible that the neonates with lower or higher cord blood 25(OH)D levels may also have lower or higher average levels of 25(OH)D during the whole pregnancy. Therefore, the inverted U shaped relationship in this study maybe suggested that gestational vitamin D may have dual biological effects on the fetal growth. However, the biological mechanisms remain uncertain. Studies in adults have indicated that there was a U-shaped association between 25(OH)D and C-reactive protein (CRP), and increasing 25(OH)D concentrations may also be related to proinflammatory states 36, 37 . We speculate that fetal exposure to elevated CRP associated with 25(OH) D in lower or higher range may result in fetal growth restriction 38, 39 , which might explain the inverted U-shaped relationship between 25(OH)D levels and fetal growth in this study. However, we cannot rule out residual confounding as a potential explanation, especially whether genotypic differences in the study population may explain this inverted U-shaped association. Further research is needed to understand the mechanisms.
Our study has three major strengths. First, it is the first study reporting that there was an inverted U-shaped relationship between cord blood 25(OH)D and fetal growth. Second, prospective data collection procedure, a relatively large sample size and statistical adjustment for a large number of confounders were used. Third, utility of both continuous measure and the deciles of cord blood 25(OH)D concentrations helped to detect the inverted U-shaped relation.
However, several limitations in this study should also be acknowledged. First, we only measured 25(OH)D concentrations, which is one member of the vitamin D family. At birth, there are potential changes to levels of vitamin D binding protein, 1,25(OH)2D, the CYP27 enzyme and expression of vitamin D receptors 40 , which may influence the association between 25(OH)D and fetal growth 41 . Thus, future studies of vitamin D and growth restriction would benefit from the consideration of other vitamin D family members. Second, 25(OH)D levels at birth cannot represent the vitamin D status in early pregnancy. However, we were unable to assess the effect of vitamin D levels during early pregnancy on fetal growth as these data are unavailable. Third, the absence of data on outdoor activity, dietary intake, environmental factors and genetic variation may result in residual confounding in this study. Finally, this study was conducted in one city and caution is necessary in generalizing the findings to other regions due to the strong influence of latitude.
In conclusion, this study provides the first epidemiological evidence that there was an inverted U shaped relationship between neonatal vitamin D status and fetal growth. The findings suggested that vitamin D supplements during pregnancy should be encouraged, but with caution. If confirmed in further studies, it could have important implications for public health policy.
Methods
Study subjects. This study was conducted on the basis of a prospective birth cohort comprising 2552 pregnant women recruited in Hefei (32 °N latitude) from January to September 2008. As part of the C-ABC study 42 , pregnant women who received prenatal check-ups in Hefei Maternal and Child Health Hospital were recruited by a team of midwives, nurse and health professionals. Participants completed a structured questionnaire including sociodemographic characteristics and lifestyle. At birth, midwives or study nurses collected the newborn's anthropometric details and cord blood, when available. In this Table 2 . Differences in birth weight according to sociodemographic, health status, lifestyle and birth outcomes. Abbreviation: BMI, body mass index; GWG, gestational weight gain. a Pregnancy complications included diabetes mellitus, hypertension, abnormal heart function, glandula thyreoidea disease, intrahepatic cholestasis of pregnancy, moderate and severe anemia.
b Prepregnancy lifestyle means lifestyle during up to 6 months before pregnancy.
Scientific RepoRts | 5:14930 | DOi: 10.1038/srep14930 study, stillbirth (n = 11), birth defect (n = 12), women with delivery before 32 weeks of gestation (n = 14), pregnancy with assisted reproductive technology (n = 6), or multiple gestations (n = 48) were excluded from the study. Finally, we obtained full data including cord blood from 1491 mother-infant pairs. The study was approved by the Ethics Committee of the Anhui Medical University. All experiments in this study were performed in accordance with the relevant guidelines and regulations and written informed consent was obtained from each participants.
Cord blood 25-hydoxyvitamin D. Cord blood sample was collected immediately after delivery and anticoagulated by use of sodium heparin. Plasma samples were centrifuged and promptly refrigerated at − 4 °C, within 12 h, transferred to − 80 °C freezers for long-term storage. 25(OH)D concentrations were measured using the commercial radioimmunoassay kits (DiaSorin Stillwater, MN, USA). Intra-assay and inter-assay coefficients of variation were 8.8% and 11.1% respectively. Plasma concentrations of 25(OH) D were analyzed both as a continuous variable and a decile. Outcomes variables. The key outcomes assessed in this study included birth weight and SGA defined as birth weight < 10th percentiles of distribution for gestational age and infant gender 43 . The accuracy of scales used to measure birth weight in the hospital was checked using standard weights at the beginning of the study and every 3 months thereafter.
Cord Blood 25(OH)D Levels (nmol/L)
Potential confounders. The most important potential confounder was gestational age, infants gender, prepregnancy body mass index (BMI), GWG and birth season, which have been known to be associated with birth weight or maternal 25(OH)D levels 15, 44 . The gestational age (in completed weeks) based on the difference between the date of the last menstrual period and the date of delivery and was categorized as < 37 or ≥ 37 gestational weeks. Prepregnancy BMI was calculated on the basis of the height routinely measured at the clinic visit and on the self-reported prepregnancy weight obtained at interview and were categorized as underweight (< 18.5), normal weight (18.5-23.9), or overweight or obese (≥ 24.0) 45 . The absolute amount of weight gained throughout pregnancy was determined by subtracting the self-reported prepregnancy weight at interview from the measured weight recorded at the last prenatal visit before delivery, categorized based on quartiles. Birth season was designated as: winter (December, January, February), spring (March, April, May), summer (June, July, August), or fall (September, October, November). Other potential confounders included maternal age (20-24, 25-29 and 30 and more years), education (≤ 9 and > 9 years of completed schooling), household income (less than 2000, 2000-4000 and more than 4000 RMB), parity (primipara or multipara), pregnancy complications, maternal alcohol consumption during pregnancy (any or no), paternal alcohol consumption (any or no) and smoking (none, 1-5, 6 or more cigarettes daily) during pregnancy. Statistical analysis. Cord blood 25(OH)D concentrations were divided into deciles. General linear regression models and Mantel-Haenszel chi-square test were used to compare means and proportions for the characteristics of pregnancy women across the deciles of 25(OH)D level. The means of the deciles were fit as continuous variables to estimate the trend of variables across deciles in a linear regression model. Differences of birth weight according to maternal characteristics were evaluated using linear regression models.
The adjusted regression coefficients of multiple linear regression models were generated for the association between the deciles of 25(OH)D levels and birth weight, that were adjusted for gestational week, infant gender, prepregnancy BMI, GWG and birth season, and further adjusted for maternal age, education, income, alcohol consumption, pregnancy complications, parity, paternal smoking and alcohol consumption. Multivariable logistic regression models were used to determine odd ratios (OR) and 95% CIs for SGA after adjusting for confounders as described above.
The curvilinear association between 25(OH)D and birth weight was best described using a Gaussian curve-fitting model 46 with knot at 40 nmol/L. Then, adjusted regression coefficients of linear regression model were generated for the association between 25(OH)D and birth weight according to 25(OH)D level with knot at 40 nmol/L. Furthermore, the data were stratified by infant gender. All statistical analyses were performed using SPSS statistical software, version 21.0.
